Intermetallic (Al-Ni) foams were fabricated by a combustion reaction of the blended powder compacts consisting of nickel and aluminum. The foaming agents (titanium and B 4 C powders) were added to the nickel and aluminum blended powder to produce foams with high porosity by increasing the combustion temperature. The effects of the size of elemental powders (aluminum and nickel), the powder blending ratio, the amount of foaming agent and compacting conditions on the porosity and pore morphology of the foams were investigated. The size of nickel powder was an important factor to produce foams by the combustion synthesis and it should be small enough to achieve high porosity. The size of the aluminum powder was not such an important factor. The uniform pore morphology in the foam was obtained only when the powder blending ratio was adequate. The proper addition of the foaming agent increased the porosity and the size of pores, and also stabilized the uniformity of the pore morphology. There was a threshold density of the precursor to achieve sufficient foaming. The pore diameter of a synthesized foam is increased with increasing precursor compacting temperature and pressure. An attempt was made to disperse fine ceramic particles in the foam materials. It was revealed that the addition of ceramic particles did not affect the porous structure.
Introduction
Porous materials are regarded as potential candidates for crash elements, thermal barriers, damping materials and so forth. [1] [2] [3] [4] [5] [6] In these applications, porosity and cell morphology are the important factors, which control some important physical properties. Recently, a great deal of attention is focused on metallic foams. Since intermetallics show good resistance against corrosion and thermal shock, the intermetallics foam can be a potential candidate for a thermal barrier coating at high temperatures and a filter material under severely corrosive environments.
Combustion process is one of the attractive processing routes for ceramics, intermetallics and metal matrix composites. A compacted powder blend is heated to ignite the reaction between the elemental powders. Once the reaction occurs at the heated zone, then the heat of reaction raises the temperature of the neighboring zone and ignites the reaction again. Thus the reaction propagates throughout the specimen spontaneously, which results in the formation of bulk ceramics and intermetallics. 7) The authors developed the processing technique of intermetallics foams by the combustion reaction. 8, 9) Figure 1 shows a brief outline of the combustion process for the synthesis of Al-Ni foams. The foams can be made by heating a compacted powder blend of aluminum and nickel with a foaming agent, which provides large reaction enthalpy to make the combustion reaction proceed smoothly. The combustion reaction starts at around the melting point of aluminum. Once the reaction starts, the heating by an infrared furnace is stopped, and the reaction is self-sustained for a few seconds by the reaction heat itself. In the present report, we focus on the cell structures (especially porosity, size and morphology of cells) and discuss the influences of the size of elemental powders (aluminum and nickel), the powder blending ratio, the amount of foaming agent and compacting conditions.
Experimental Procedure
The elemental powders for a matrix material used for this experiment were nickel (small (S): 3-5 mm, medium (M): <45 mm, large (L): <75 mm) and aluminum (small (S): ave. 10 mm, medium (M): <45 mm, large (L): 106-180 mm) to investigate the effect of their sizes. As a foaming agent, titanium (<44 mm) and boron carbide (B 4 C, 10 mm) powders were used. The Al/Ni powder blending ratio (mole ratio) was varied from 1/3 to 5.0, and the amount of foaming agent (3Ti+B 4 C) was varied as 0%, 5%, 10%, 20% (volume fraction). The blended powder was compacted at room temperature or 623 K under various pressures (100, 200 and 300 MPa) in a cylindrical shape (h ¼ 15 mm, ¼ 16 mm) to make a precursor. The precursor was inserted into a chamber with an Ar gas atmosphere and heated to induce the combustion reaction. The porosity of the foamed specimen was measured by an Archimedes method. At least 3 specimens were made and measured to assure the accuracy of the experiment. The pore morphology was observed by an optical microscope and pore size (diameter of equivalentarea circle) and circularity were evaluated by image analyzing software. Circularity was calculated by the following equation;
The circularity is calculated as 1 when the pore morphology is completely spherical, whereas it is close to 0 when the pore morphology is irregular. Figure 2 shows the cross sections of foamed specimens made from precursors of 3 different sized Al and Ni powders (Al/Ni ratio: 3, foaming agent: 5 vol%, compacting con- Figure 3 and Table 1 show the porosity and cell morphology of the foamed specimens, respectively. The porosity and pore size increased when the smaller Ni powder was used. On the contrary, the porosity and pore size decreased but the pore morphology became spherical by use of large Ni powder. The porosity tended to increase by use of larger Al powder. As a result, Al-Ni foam with high porosity and uniform cell structure was obtained when the smaller Ni powder and larger Al powder are used. Figure 4 shows the cross sections of foamed specimens made from precursors with various Al/Ni blending ratios and amounts of foaming agent (Ni size: 3-5 mm, Al size: <45 mm, compacting condition: 200 MPa, R.T.). The powder blending ratio shows significant effects on the pore formation and their morphology. The specimen did not expand significantly on the condition that the Al/Ni blending ratio was 1/3, 1 and 5. Satisfactory expansion was observed when the Al/Ni blending ratio was 3 and 4. In these specimens, the pores were formed by a gas, which was previously adsorbed at the surface or dissolved in the aluminum powder. 8, 9) The surface of aluminum is usually covered with hydrous oxide under air. When the aluminum powder is heated up to about 773 K, the hydrous oxide decomposes and releases hydrogen, which becomes the source of pores. Hydrogen dissolved in aluminum powder is also released by the reaction between Al and Ni because of the lower solubility of hydrogen in Al-Ni intermetallics. If the specimen melts by the heat of the combustion reaction and has proper viscosity at the same time hydrogen is released, the gas can reside in the specimen to form pores. Therefore, when the Al/Ni blending ratio was in between 1/3 and 4, the higher blending ratio of Al/Ni brings the larger volume of gas generation, and the number and size of pores are increased. However, when the blending ratio of Al/Ni was 5, the amount of Al-Ni intermetallics synthesized by the combustion reaction was reduced, and the heat of combustion reaction was reduced as well. The gas generated by the reaction was not released sufficiently enough to produce large volume of pores. Figure 5 shows the porosity of the specimens shown in Fig. 4 . From the comparison of the amount of foaming agent of 0 and 5 vol%, it is apparent that the additions of the foaming agent had an important role to increase porosity of Al-Ni foams. The specimens showed high porosity (around 80%) when Al/Ni powder blending ratio was ranging from 3 to 4 and the amount of foaming agent was in between 5 and 10%. Table 2 shows cell morphology of the foamed specimens with various Al/Ni blending ratios (foaming agent: 5 vol%). Judging from Table 2 , it was understood that the average values of pore size and circularity were nearly constant regardless of the Al/Ni ratio. Table 3 agent. By adding the foaming agent of 5 vol%, the number and size of pores increased. With a further addition to 10 vol%, the number of pores decreased, but the size of pore still became larger. However, a further addition (20 vol%) caused the pore's collapse severely. The higher heat of reaction seems to make the viscosity of the molten specimen lower. Under this condition, the growth of pores (the growth of small pores or coalescence of pores) becomes easier, and the size of pores becomes larger. However, the excess addition of the foaming agent causes exceeding reaction heat and it causes the low viscosity. Therefore the shape of the specimen cannot be remained, and the pores seem to collapse. The same tendency was observed when Al/Ni ratio was 3, but the stable range of foaming agent addition was relatively narrower. The stable pore formation was visible only with 5 vol% addition of foaming agent. From the results obtained by these investigations, it is clear that the proper combination of the powder blending ratios and the amount of foaming agent are very important factors to fabricate high-porosity and uniform Al-Ni foams. The proper condition was found in the range of 3 to 4 for the powder blending ratios and 5 to 10 vol% for the amount of foaming agent.
Results and Discussion

Effect of powder size
Effect of blending ratio and foaming agent
Effect of precursor compacting conditions
Precursors (Al/Ni ratio: 4.5, foaming agent: 5 vol%, Ni size: 3-5 mm, Al size: <45 mm) were compacted at room temperature (R.T.) and 623 K with different pressures to investigate the effect of the compacting conditions. Figure 6 shows the cross sections of foamed specimens made from these precursors. Only a precursor compacted at R.T. with 100 MPa could not achieve sufficient foaming and others were well foamed. Figure 7 shows their porosities and it was found that the well-foamed specimens have the porosity over 90% and relatively higher porosity is obtained by compacting at an elevated temperature. In the comparison of cell morphology among these foamed specimens, larger cells are obtained in the foam from the precursor compacted at the elevated temperature and with high pressure. Figure 8 shows the relative densities of precursors compacted under different conditions. The density of compacted precursor is increased with increasing compacting temperature and pressure. Although the density of the precursor compacted at R.T. with 100 MPa was not significantly lower than the others, the foaming behavior of the precursor was not sufficient and the porosity was much lower than the others. This means that the porosity of the foam might be related to the relative density of the precursor, but the relation may not be linear. There may be a threshold minimum density of the precursor to achieve sufficient foaming. On the other hand, the pore diameter of well-foamed specimens has good relation with the density of the precursors.
Effect of ceramic particle dispersion
To improve the mechanical properties of porous material, it is important to control porosity and macroscopic pore morphology, but it is also very important to improve the mechanical property of the material which constitutes the cell wall. Dispersing fine ceramic particles in the cell wall material can improve the property. Silicon carbide (SiC diameter: <10 mm) particle was blended with the precursor (Al/Ni ratio: 4, foaming agent: 5 vol%, Ni size: 3-5 mm, Al size: <45 mm, compacting condition: 200 MPa, R.T.) and the effect of SiC addition of the foaming behavior was investigated. Figure 9 shows the cross sections of the specimens with SiC addition (volume fraction: 0, 2.5, 5.0, 7.5 vol%). The porosities of foamed specimens with 0, 2.5, 5.0 and 7.5 vol% additions were 82, 82, 81 and 78%, respectively. Table 4 shows cell morphology of the specimens. It was confirmed that both porosity and pore morphology were almost the same regardless of the addition of fine SiC particles, and this suggests that the addition of fine ceramic particles might be one possibility to improve mechanical properties without affecting the porous structure.
Conclusions
Al-Ni intermetallic foams were fabricated by a combustion reaction. The effects of the processing parameters on the porosity and pore morphology of the synthesized foams were investigated and the following results were obtained.
(1) The porosity and pore size are increased when the small Ni powder was used. (2) The Al-Ni foams with high porosity and uniform cell structure can be obtained when the small Ni powder and large Al powder were used. Table 4 Cell morphology of the foamed specimens made from precursors with SiC particle additions. 3) The proper condition to fabricate high-porosity and uniform Al-Ni foams can be found in the range of 3 to 4 for the powder blending ratios and 5 to 10 vol% for the amount of foaming agent. (4) The precursor compacted at R.T. with 100 MPa could not achieve sufficient foaming. There may be a threshold density of the precursor to achieve sufficient foaming. (5) The pore diameter of a synthesized foam increases with increasing precursor compacting temperature and pressure. (6) The porosity and pore morphology were not affected significantly by the addition of the particles.
